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SUMMARY 
The effective flow area of a convergent exhaust nozzle was reduced 
by inject ing a high-pressure secondary j e t  i n to  the nozzle near the exit. 
Analytical expressions relat ing the performance with s ignif icant  design 
and operating variables were developed, and necessary experimental fac- 
to r s  were evaluated by using a 4-inch-exit-diameter nozzle with unheated 
pressurized air discharged t o  the atmosphere. The effect ive flow area 
w a s  reduced as much as 67 percent, while the r a t i o  of actual  thrust t o  
the thrust attainable from p r b a r y  and secondary isentropic expansion 
w a s  0.94 or  be t te r  i n  nearly all cases. Some of the configurations, 
a l te red  t o  operate as je t  deflectors,  produced s ignif icant  values of 
side force but, a t  the same time, operated'at reduced effect ive flow 
area. 
' -  
INTRODUCTION 
' .  
1 
Modern turbo j e t  engines often use variable-area primary exhaust 
nozzles t o  help keep thrust  high and specific fue l  consumption low under 
a l l  operating conditions. Nozzle area usually is  varied by mechanically 
adjusting the e x i t  t o  the required size by m e a n s  of interconnected 
leaves. However, the effect ive flow area of a fixed nozzle can be con- 
tinuously varied over a wide range by sui tably inject ing a secondary j e t  
i n to  the nozzle. This method, which is equivalent t o  mechanical exit 
var ia t ion and could eliminate problems ar i s ing  f rm weight, cmplexity, 
and actuator parer, is reported t o  be i n  operational use in  France 
(ref.  1). 
A n  investigation of t h i s  method of varying the effect ive flow area 
of a convergent nozzle was conducted a t  the NACA Lewis laboratory. 
2 gives the results of an independent Br i t i sh  investigation of t h i s  type 
device.) Analytical expressions relating t h e  performance with s ign i f i -  
cant operating and design variables were developed. 
coeff ic ients  required in these expressions w e r e  evaluated by using a 4- 
inch-exit-diameter nozzle with unheated pressurized air  discharged t o  the 
( R e f .  
The experimentd 
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Slot width Slot  c i r -  
(shim cmnference, 
thickness, a 
atmosphere. Primary- and secondmy-pressure r a t io s  ranged from 1.6  t o  
2.8 and from 2.0 t o  7.7, respectively. The secondary j e t  w a s  injected 
with no axial momentum through a continuous circumferential s lot .  For 
some t e s t s  the model w a s  a l tered t o  operate as a je t  deflector. 
primary- 
Pressme 
ra t io ,  
APPARATUS AND I N S T R m A T I O N  
Models 
The model tested (f ig .  l ( a ) )  consisted of the nozzle body (fig.  
l ( b ) ) ,  a shim (f ig .  l ( e )  or ( f ) ) ,  and the 1/4-inch or 2-inch nozzle piece 
( f ig .  l ( c )  or (d ) )  mounted together t o  form a configuration having a s l o t  
near the exit .  
l(g). 
pounds per square inch gage and 2.2 pounds per second was injected through 
A photograph of an assembled model i s  shown i n  f igure 
Secondary air supplied from an external source limited t o  100 
I the s l o t  from the annular plenum chamber i n  the nozzle body. 
The following table  summarizes the configurations tested: 
Model 
operation 
~~ 
Variable - 
discharge 
nozzle 
J e t  
deflector 
I 
0.018 3 60 1.6 to 2.8 
.033 
.051 
.092 
.118 
.369 
.467 
Secondary- 
pressure 
ra t io ,  
2.00 t o  7.72 
2.00 t o  7.72 
2.00 t o  6.32 
2.00 t o  4.07 
2.00 t o  3.19 
2.00 t o  2.50 
2.00 t o  2.50 
~- 
2.00 t o  3.18 
2.00 t o  3.20 
2.00 t o  3.20 
2.00 t o  3.20 
Experiment a1 Setup 
The experimental setup, i l l u s t r a t ed  i n  figure 2, can measure forces 
i n  a l l  directions, but only the thrust  and yaw components were s ign i f i -  
cant i n  t h i s  investigation. Thrust and yaw are  measured as torques about 
pivot points A and B, respectively, by means of diaphragm-type force ce l l s  
connected t o  the setup through flexure members. 
I 
i 
I 
i I 
I 
i 
t 
! 
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Instrumentation 
Both the primary and secondary a i r f lows  were measured with stand& 
ASME orif ices .  
the orifices.  
total-pressure survey rake just ahead of the nozzle body. Secondary 
i n l e t  pressure was measured by a calibrated gage a t  the nozzle body. 
Ambient pressure was obtained with a barometer. 
Total temperatures were obtained f r o m  thermocouples at 
Primary i n l e t  pressure w a s  measured by an eight-tube 
The nozzle body and nozzle pieces were instrumented with 0.06-inch- 
diameter wall-pressure taps as required. 
Calibration 
The force-measuring systems were calibrated.  with dead weights. 
Leakage at  the labyrinth sea l  surrounding pivot point B (fig.  2) was 
measured w i t h  air frum an external source. 
rected f o r  th i s  leakage. 
The primary airflow was  cor- 
Performance Tests 
The performance of each configuration w a s  obtained over a primary- 
pressure-ratio range from 1.4 t o  3.0 with secondary flows from zero t o  
the m a x i m u m  obtainable. 
puted from these data and f r o m  measured physical areas. 
The experimentally determined factors  were com- 
ANALYSIS 
For convenience, all symbols and defini t ions used i n  t h i s  report  are 
given i n  appendix A. 
The general pattern of primary and secondary f l o w s  i n  
device i s  indicated i n  the following sketch: 
S t a t i o n  1 Exit  0 
- - -  --  - _ -  - - ~ - _ . - ~ I  
0,s Annular area,  A 
Secondary- a i r f  l o w  
i n l e t  s t a t i o n  
t h i s  
- -  
type 
- 
of 
4 NACA TN 4312 
In  operation, the force necessary t o  turn the secondary j e t  toward 
the ex i t  is  furnished by the primary gas. 
has the same ef fec t  as an additional w a l l  around the primary gas and 
serves t o  r e s t r i c t  the flow. 
The reaction of t h i s  force 
In  the following steady-state analysis, assume that:  
(1) The measured primary gas wp,ac expands isentropical ly  and one- 
dimensionally t o  the upstream edge of the injection s lo t ,  s ta t ion  1. 
( 2 )  Secondary gas ws 
(3) Both streams together do not f i l l  the ex i t  station. 
(4) Both streams expand isentropical ly  and one-dimensionally t o  
enters the nozzle with no ax ia l  momentum. 
ambient pressure a t  s ta t ion  0 (thus, the streams do not m i x ) .  
Flow Rates 
The axial pressure forces acting on the flow between s ta t ions 1 and 
0 are  shown i n  the following sketch: 
b 
1% 
N 
CD 
1 
I 
r '  
I 
The momentum equation i s  
Wp, ac W S  - Wp , ac 
g vl ,P  + g V0,p + - g V0,S = P l A l  - poA.1 
Rearrangement yields an expression for the  secondary weight flow 
tha t  permits passage of primary flow 
ws 
w p, ac: 
- Wp,ac(Vl,p - v0,p) + Alg(P1 - PO) 
vo, s ws - 
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Because of losses (sheax, mixing, etc.) i n  the actual  system, the meas- 
ured secondary weight flow w S y w  
d i f fe ren t  by a factor  f than that cnmputed by equation (2).  Thus, 
required t o  produce t h i s  e f fec t  i s  
wS,8c 
wS 
f = ,  
Effective-Area Ratio 
By definit ion,  the primary-nozzle discharge coefficient cd i s  
(3) 
The same expression is  wri t ten f o r  the unrestricted-flow discharge coef- 
f i c i en t  C and, by division, 
B y  definit ion,  &,ff = C&. Therefore, 
By equation (Z), the  effective-area r a t i o  Aeff/AeffYo i s  
The re la t ion  between p1 and VlYp i s  found by using s ta t ion  1 con- 
t i n u i t  y express ions. 
Thrust  
For the assumptions made, the secondary flow by i t s e l f  produces no 
axial j e t  th rus t  on the system; so the isentropic j e t  thrust  i s  
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where Vl,p and p1 w e  isentropic terms. This relation shows that the 
device acts as a convergent nozzle of exit area A1 
primary gas to pl. 
include a coefficient to account for expansion losses up to station 1. 
Thus, 
that expands the 
The expression for actual jet thrust, then, must 
FZ, ac = Vl,p + Alpl) - Alpo 
where, by re arrangement, 
Because of similarity to an unchoked convergent nozzle, C 
to be in the order of 0.98. 
is expected 
A measure of the efficiency of this device in producing thrust is 
desirable. By definition, 
Fz , ac Thrust ratio = , 
ws, ac y vo,p + g vo,s 
P m 
N 
CD 
Y 
Thrust ratio can be evaluated in terms of the primary-gas quantities by 
use of equations (8) and (2). 
RESULTS AND DISCUSSION 
Analytic a1 : Variable -Area Nozzle 
In this section the secondary-weight-f low ratio ws, ac/wp, ac theo- 
retically required to produce a given primary-nozzle effective-area ratio 
AefdAeff, o is discussed, together with the corresponding thrust ratio. 
(For turbojet application, ws, ac/wp,ac 
tailpipe. flow, and Aef /Aef f, the ratio of effective nozzle flow area 
Performance is presented for primary-pressure ratios from 2 to 8, 
secondary-pressure ratios from 2 to 40, a primary temperature of 1500' R, 
and secondary temperatures frm 500' to 250O0 R. 
with the use of equations (2) and (10) by the method described in 
appendix B. 
heat ratio are given in figure 3. 
would be the ratio of bleed to 
with secondary flow to effective nozzle mea without secondary flow.) 
ry 
Camputations were made 
The values used for nozzle discharge coefficient and specific 
NACA TN 4312 7 
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In figures 4 to 6 ,  the dashed curves show performance for 
and the solid curves represent f = 1.1. For all curves, C = 0.98. 
These numbers are represectative of the values obtained experimentally, as 
shown in the next section. 
/A *eff eff,o 
experimentally. 
f = 1.0, 
Camputations were arbitrarily stopped at 
= 0.5, although values as low as 0.33 were obtained 
Effect of primary and secondary pressures. - The effect of primary 
and secondary pressures on the performance of a device having an injec- 
tion slot at the exit is illustrated in figure 4 for primary- and 
secondary-gas temperatures of 1500° R. 5 1 1  effective-area ratios are 
obtained with large secondary flow. For each primary pressure, the 
secondary-weight-flow ratio required to produce a given effective-area 
ratio is reduced as the secondary pressure is increased. 
The thrust ratio is reduced along with the effective-area ratio. 
When 
at all primary and secondary pressures. 
creases when f = 1.1. 
f = 1.0, the reduction is small and the performance is acceptable 
However, the thrust ratio de- 
Effect of temperature. - The effect of secondary-gas temperature on 
the performance of this device is illustrated in figure 5. 
temperature increases VO, and reduces the secondary-weight-flow ratio 
required to produce a given effective-area ratio. 
is more significant when the effective-area ratio is small, it may be 
desirable to burn in the secondary for such operation. 
Raising the 
Because this effect 
The thrust ratio is independent of secondary-gas temperature and 
is the same as in figure 4(b). 
Effect of injection-slot location. - The effect of the secondmy- 
gas injection-slot location on the performance is illustrated in figure 
6 for 150O0 R primary- and secondmy-gas temperatures. 
injection-slot location upstream from the exit increases the secondary- 
weight-flow ratio required to produce a given effective-area ratio. 
Thus, for most efficient use of the secondary gas, the injection station 
must be at the nozzle exit. 
Moving the 
The thrust ratio is again the same as in figure 4(b). 
Experiment a1 : Variable -Are a Nozzle 
l -  
The pressures within and at the exit of one of the configurations 
tested are shown in figure 7. Measured wall pressures agree reasonably 
well with those computed from one-djmensional isentropic flow relations 
except at station 1. However, at this station the quantity 
W 
PY ac Vl,p + plAl is very nearly the same when computed with either 
g 
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the measured o r  isentropic wall pressure; thus assumption (1) of the 
preceding analysis is  valid. Figure 7 a lso shows tha t  the pressure i n  
the v ic in i ty  of the ex i t  i s  suf f ic ien t ly  close t o  permit assumption of 
ambient wall pressure downstream of the inject ion s lot .  
B a s i c  performance. - The performance of a l l  the configurations 
tes ted i s  given i n  table  I, and the performance of a typical  configura- 
t ion  (slot wi-d th  Xj 0.051 in. ) i s  plnt ted i n  f i g w e  The effective- 
area r a t i o  is  based on the effect ive area of the nozzle exit, and thus 
the values given are somewhat greater than i f  the inject ion s l o t  had been 
placed at  the exit .  A s  shown i n  figure 8, f o r  constant primary-pressure 
ra t io ,  the effective-area r a t i o  and the thrust  r a t i o  decrease and the 
secondary-weight-flow r a t i o  increases as secondary pressure is  raised. 
The dashed and dot-dashed curves in the figure show the performance tha t  
would be obtained at 
The difference between these curves and the corresponding data curves 
shows the extent t o  which factor  f 
configurations, f varied between 1.03 and 1.22, as indicated i n  tab le  I). 
Ps/po = 6.32 and 2.5, respectively, fo r  f = 1.0. 
reduces the performance ( fo r  these 
Although not shown in  figure 8, the performance of the device was  
the same when the 2-inch nozzle piece (f ig .  l ( d ) )  w a s  mounted, except 
t ha t  the thrust  r a t i o  w a s  further reduced because of shocks in  the nozzle 
piece. These shocks might not have occurred i f  -the flow passage had been 
divergent; however, no t e s t s  were made with a convergent-divergent ver- 
sion of t h i s  device. 
The effective-area r a t i o  can be continuously varied by changing 
e i ther  the secondary pressure or  the s l o t  width, as shown i n  figure 9. 
A t  constant secondary pressure, the effective-area r a t i o  decreases almost 
l i nea r ly  as the s l o t  width i s  increased (f ig .  9(a)) .  
width, the effective-area r a t i o  i s  smoothly, but not l inearly,  reduced 
as the secondary pressure i s  increased (f ig .  9 (b) ) .  
For constant s l o t  
Evaluation of factor  f .  - The factor  f ,  evaluated f o r  each t e s t  
point by means of equations ( 2 )  and ( 3 ) ,  was empirically correlated with 
the station 1 velocity ra t io ,  as shown i n  figure 10. Station 1 veloci ty  
r a t i o  v1, S I % ,  p 
primary-jet veloci t ies  tha t  could be obtained with isentropic primary 
s t a t i c  pressure at the upstream edge of the injection s lot .  
f i s  nearly unity when t h i s  r a t i o  i s  about 2; when the r a t i o  i s  5, indi-  
cating high secondary pressure and s m a l l  effective-area ra t io ,  f i s  
about 1.15. It should be emphasized tha t  these values were obtained with 
unheated f lows ,  zero axial  secondary i n l e t  momentum, and a continuous 
injection s lot .  The e f fec ts  on f of changes i n  these conditions were 
not determined. 
i s  the r a t i o  of the secondary- (l imited t o  sonic) and 
The factor  
IP 
a, 
ro 
CD 
I 
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Evaluation of coefficient C. - The coefficient C, evaluated f o r  
each test  point by means of equation (9), i s  shown as a function of the 
s ta t ion  1 velocity r a t i o  i n  figure 11. With only a few exceptions, the 
value 0.98 correlates all data obtained within 1 percentage point. 
Evaluation of s l o t  discharge coefficient Cd slot. - The variat ion of 
Y 
injection-slot  discharge coefficient Cd,slot with effect ive - se condary- 
pressure r a t i o  i s  shown i n  figure 12. 
i s  the secondary t o t a l  pressure divided by the average s l o t  exhaust 
pressure, l ( p  +po). A single curye generalizes a l l  data obtained with 
with accuracy suff ic ient  for  design purposes. 
Effective-secondary-pressure r a t i o  
Ps 
2 1  
Experimental: Jet Deflector 
A j e t  deflector can be used t o  provide reaction control t o  augment 
or supplant the forces produced by conventional control surfaces. The 
aerodynamic nozzle w a s  operated as a deflector by inject ing the secondary 
air i n  only one s ide of the nozzle with the shims shown in figure l ( f ) .  
The pressures within one of the configurations tes ted i n  t h i s  manner are 
shown i n  figure 13. On the  s ide containing the  s lo t ,  the w a l l  pressure 
i s  high because the primary f l o w  i s  restricted.  On the  other side, the 
w a l l  pressure i s  more nearly that which would be obtained with unre- 
s t r i c t e d  primary flow. Thus, a measurable s ide force i s  produced by the 
pressure difference between the opposite nozzle w a l l s  plus the secondary- 
j e t  mamentum. The r a t i o  of m e a s u r e d  s ide force Fs t o  t o t a l  isentropic 
WS, a.c 
voYP + g vo, s j e t  thrust  wpJa.c g is called side-force ra t io ,  while 
th rus t  r a t i o  has the same meaning as given previously. 
The performance of configurations operated as j e t  deflectors is 
given i n  table  11, and the performance of a typ ica l  configuration is  
plot ted i n  figure 14. The dashed curves i n  t h i s  figure represent the 
side-force r a t i o  tha t  could be obtained by  exhausting the secondary air- 
flow used by the 90° a, 3.2 Ps/po configuration through a convergent 
nozzle in to  s t i l l  air. 
force r a t i o  produced by t h i s  device is greater than the dashed curves 
because of the wall-pressure forces. As the secondary airflow is  in- 
creased, t h i s  e f fec t  i s  counteracted by reduced secondary-jet momentum 
caused by the increased s t a t i c  pressure a t  s ta t ion  1. Figure 14  shows 
also that the effective-area r a t i o  i s  substant ia l ly  reduced f o r  s ign i f i -  
cant values of side force; consequently, the use of t h i s  type of def lector  
probably would be limited i n  use t o  producing trim forces. 
A t  lower values of secondary airflow, the side- 
CONCLUDING REMARKS 
A simplified theore t ica l  analysis showed tha t  considerably reduced 
effect ive flow area can be obtained in  a convergent exhaust nozzle by 
10 NACA TN 4312 
injecting a high-pressure, high-temperature secondary jet into the nozzle 
at the exit. The secondary-flow rate theoretically required to produce 
a given effect must be increased by a factor f, in the actual case, 
because of losses. 
attainable from primary and secondary isentropic expansion) depends on f 
and is reduced 2 percent because of normal nozzle losses. 
The thrust ratio (ratio of actual thrust to the thrust R 
The performaxe ef a &eT.rice ef this tTne WES e-xnprinentally I-- hvesti- 
gated with a 4-inch-exit-diameter nozzle having a continuous circmfer- 
entia1 injection slot, unheated pressurized air discharged to atmosphere, 
to 7.7, respectively. The effective flow area was reduced as much as 67 
percent, while the thrust ratio was 0.94 or better in nearly all cases. 
Design coefficients were correlated with easily measured or cmputed 
parameters. 
rp 
(D 
r\) co and primary- and secondary-pressure ratios from 1.6 to 2.8 and from 2.0 
Significant values of side force were obtained by injecting the 
secondary jet on only one side of the nozzle. In most cases, the per- 
formance of this device is better than could be obtained by exhausting 
the same gas into still air. The reduction of effective flow area, how- 
ever, is so large as to probably limit application. 
Lewis Flight Propulsion Labor at or y 
National Advisory Committee for Aeronautics 
Cleveland, Ohio, April 18, 1958 
t 
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SYMBOIS AND DEFINTTIONS 
Symbols 
area, sq ft 
experimentally determined coefficient (see eq. (9 )  ) 
discharge coefficient 
force or jet thrust, lb 
experimentally determined factor ( see eq. (3) ) 
acceleration due to gravity, ft/sec 
Mach number 
total pressure, lb/sq ft 
static pressure, lb/sq ft 
gas constant, ft/% 
total temperature, 41 
velocity, ft/sec 
weight-flow rate, lb/sec 
shim thickness, in. 
slot circumference, deg 
ratio of specific heats at total temperature of fluid 
ratio of total pressure to NACA standard sea-level pressure of 
2 
2116 lb/sq ft 
ratio of total temperature to NACA standazd sea-level temperature 
of 518.7' R 
Subscripts: 
ac actual 
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e 
e f f  
i d  
0 
P 
S 
S 
s l o t  
W 
Z 
0 
1 
Aeff 
Aeff/*eff, o 
‘d 
FS 
e x i t  
effective 
idea l  
a t  unrestricted flow conditions 
primary 
side (perpendicular t o  ax ia l  direction) 
se c ondar y 
s l o t  
w a l l  
i n  ax ia l  direct ion 
ambient, or s ta t ion  at  which flow has expanded 
t o  ambient pressure # 
s ta t ion  a t  upstream edge of injection slot 
Definitions 
‘dAe 
effective-area ra t io ,  same as cd/cd,o 
a t  same pressure ra t io ,  the r a t i o  of actual  
corrected flow per uni t  of actual  ex i t  area 
t o  one-dimensional isentropic flow per uni t  
of actual  e x i t  area (minimum area at  ex i t )  
moment about pivot point B divided by distance 
between pivot point B and nozzle ex i t  
isentropic ax ia l  je t  th rus t  Fz 
actual ax ia l  j e t  thrust  Fz, ac 
Fz, ac thrust  r a t  i o  
W PY ac ws, ac 
g V0,P + g 
NACA TN 4312 13 
W P, ac 
wS 
primary-pressure ratio 
secondary-pres sure rat io 
primary-weight-flow rate, computed frm one- 
dimensional isentropic flow relations 
actual (measured) primmy-weight-flow rate 
secondary-weight-f low rate, camputed from one- 
dimensional isentropic flow relations 
actual (measured) secondary-weight-flow rate 
secondmy-weight-f low ratio 
corrected flow per unit of actual exit area 
14 NACA TN 4312 
APPENDIX B 
I METHOD OF SOLVING EQUATION (2 )  
F i r s t  choose Pp/po, Tp, y,, Rp, and Cd,o. Solve by any convenient 
method for the wn-estricted weight flow wp,o i n  terms of pg and 
A,. In addition, choose Al/Ae and W ~ / W ~ , ~ .  Solve f o r  M1, using 
from which I 
rp - 1 2)-rp/rp-1 
M1 p l = P  P ( 2  1 +  
* 
and R .  Find V1 V and V by using 
Ps/P0, Ts, rs> S ,P' 0,P 0,s Choose 
p /P , p,/PP, and po/Ps, respectively. 1 P  
these computations. Finally, substi tute a l l  terms i n  equation ( 2 )  and 
solve for  ws. 
Reference 3 i s  helpful i n  making 
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TABLF. I. - PERFORMANCE OF VARIABLE-DISCHARGE EXHAUST NOZZLEa 
f ,  c,  This  table c o n t d  
2 
__ 
hrust 
at lo  
- 
.935 
.961 
.963 
.972 
.949 
-959 
.959 
.967 
.945 
.951 
-954 
.968 
-967 
-959 
.961 
).e94 
.949 
.956 
-968 
.908 
-951 
.956 
.963 
.948 
.959 
.959 
.974 
.a 
.960 
.956 
.967 
.966 
.965 
.960 
1.912 .we 
-956 
.961 
.941 
.947 
.956 
.967 
.951 
.954 
.963 
.977 
.967 
.964 
.958 
0.957 
.956 
.970 
.954 
.958 
.970 
.950 
.954 
.960 
.965 
.962 
0.924 
.957 
.955 
.967 
.935 
.954 
.956 
.954 
0.949 
-956 
0.948 
-960 
.942 
-
-
__ 
__ 
-
e
lot. 
.03 
_____ 
1 ectlve- 
tea ratio 
bfZ/'L,if r< 
tb f  
0.601 
.743 
.826 
.866 
.666 
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